
UCRL-ID-139407 

Calculation of 239Pu(n,n') 
Cross Sections to 5 MeV 

H. Chen, M. A. Ross, G. Reffo, R. M. White 

April 1,2000 

U S .  Department of Energy 

Approved for public release; further dissemination unlimited 



DISCLAIMER 

This document was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor the University of California nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States 
Government or the University of California. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or the University of California, and 
shall not be used for advertising or product endorsement purposes. 

This work was performed under the auspices of the U. S. Department of Energy by the University of 
California, Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48. 

This report has been reproduced directly from the best available copy. 

Available electronically at htb:  / /www.doc.cov/bridg.e 

Available for a processing fee to U.S. Department of Energy 
And its contractors in paper from 

U.S. Department of Energy 
Office of Scientific and Technical Information 

P.O. Box 62 
Oak Ridge, TN 37831-0062 
Telephone: (865) 576-8401 
Facsimile: (865) 576-5728 

E-mail: reDorts@ado nis.osti.gov 

Available for the sale to the public from 
U.S. Department of Commerce 

National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22161 

Telephone: (800) 553-6847 
Facsimile: (703) 605-6900 

E-mail: orders@ntis.fedworld.gov 
Online ordering: httD: / /www.ntis.cov/orderine.htm 

OR 

Lawrence Livermore National Laboratory 
Technical Information Department’s Digital Library 

http: / / www .llnl.gov / tid /Library .h tml 

http://nis.osti.gov
mailto:orders@ntis.fedworld.gov
http://llnl.gov


Calculation of 2 3 9 ~ u ( n ,  n') Cross Sections to 5 MeV 

H. Chen, M.A. Ross, G. Reffo, R.M. White 

April 2000 

Lawrence Livermore National Laboratory 

Abstract 
Calculations of the 239Pu(n,n') cross section and other relevant cross sec- 

tions for incident neutron energies of up to 5 MeV are presented. Two com- 
ponents of the 23gPu(n, n') cross section are included. The direct contribution 
to the 239Pu(n,n') cross section is computed by the coupled-channel optical 
model. The compound component is calculated by a Hauser-Feshbach statis- 
tical treatment. Fission and y-cascade processes are considered as competing 
channels in the compound-decay process. Whenever possible, calculations are 
compared with experimental data and evaluations. 

1 Introduction 
The neutron inelastic scattering cross section on isotopes contained in a system greatly 
affects the neutron flux[l]. Modeling the 239Pu(n, n') cross section is important be- 
cause of the difficulty of measuring this cross section. The inelastic scattering cross 
section to  the low-lying discrete states of 239Pu was not as complete in the ENDL- 
legacy library as it could be made with current modeling techniques. This report 
presents a recent calculation of the 239Pu(n, n') cross section for incident neutron 
energies up t o  5 MeV. Nineteen discrete levels of 239Pu are included in the calcula- 
tions. The inelastic cross section to all these levels as well as to the continuum are 
computed. Contributions to the 23gPu(n, n') cross section from direct and compound 
reaction mechanisms are taken into account. Fission and y-cascade processes are 
included as competing channels in the compound component of the cross section cal- 
culations. The preequilibrium emission of neutrons is small when the incident neutron 
energy is less than 5 MeV and it is not included in this calculation. 

2 Results and Discussions 
The total cross section, 
shape elastic scattering cross section, on,,,, by 

is related to the reaction cross section, an ,R,  and the 



o n , t  = on,R -k Un,se - 
The total elastic scattering cross section, denoted by on,el ,  is the sum of the shape 
elastic scattering cross section and compound elastic scattering cross section, on,ce: 

(1) 

on,el = Un,se + on,ce . (2) 

In the energy range below 5 MeV, the reaction cross section consists of four compo- 
nents: the fission cross section, the inelastic scattering cross section, the compound 
elastic scattering cross section, and the capture cross section. They are denoted by 
on, f  7 on+!, on,ce, and respectively. Thus, 

on ,R = gn,f + on,n' + on,ce -k o n , y  . (3) 
In the absence of preequilibrium emission, the inelastic scattering cross section on,nt 

is composed of direct and compound components. The total cross section, reaction 
cross section, shape elastic scattering cross section, and the direct component of the 
inelastic scattering cross section, are obtained from the optical model which describes 
the mechanism of direct reactions[2]. The statistical model of Hauser-Feshbach[3] 
describes the mechanism of compound reactions which in this case include neutron 
emission, fission and capture. The transmission coefficients for particle emission are 
obtained from the optical model calculations. The fission transmission coefficients are 
calculated from the double-humped fission barrier model of Bjornholm and Lynn[4]. 
The transmission coefficients for y-emission are derived from the y-ray strength func- 
tion whose shape, as a function of the y-ray energy, is modeled by a Lorentzian[5]. We 
used the ECIS code[6] for optical model calculations and the IDA system of codes[5] 
for the calculation of the compound elastic scattering cross section, the compound 
component of the inelastic scattering cross section, the fission cross section, and the 
capture cross section. 

2.1 Total Cross Section 
The ground state of the 239Pu nucleus is deformed. Therefore, the coupled-channel[7, 
81 option in ECIS is used. Specifically, the first five discrete states of the ground state 
band of the 23gPu are coupled. Their excitation energy (in keV), spin, and parity 
are, respectively, (O.O,f'), (7.9,4+), (57.3,$+), (75.7,;+) and (163.8,!+). Optical 
model parameters by Dietrich for the actinides[9] are first used as a starting point 
for the optical model calculations. Then the optical model parameter fitting routine 
BIGLAZY is used[5, 101 to fit the parameters to the experimental total cross section as 
well as data on the elastic scattering angular distributions. Due to energy resolution 
of the measurements, the experimental elastic angular distribution data also contain 
inelastic scattering cross sections. Consequently, the calculated inelastic scattering 
cross section to the first four excited states are added to the calculated elastic cross 

2 



section in the fitting procedure. The IDA system of nuclear reaction codes is used 
to calculate the compound component of the inelastic scattering cross section to all 
nineteen discrete states. As a result, a coupling between the codes ECIS and IDA is 
made. The best fit to the total cross section was determined when the ground state 
quadrupole and hexadecupole deformation parameters for 239Pu are ,02 = 0.2 and 
,& = 0.06, respectively. Figure 1 shows the resultant total cross section. The ENDL99 
curve in Figure 1 is the latest evaluation of LLNL with an estimated uncertainty of 
1% above 300 keV[11]. It is to this evaluation that the calculated total cross section 
is fitted. As can be seen from Figure 1, the fitted parameters for the optical potential 
with the static deformation of the 239Pu nucleus give a good fit to the ENDL99 
evaluation. 

2.2 Reaction Cross Section 
The split of the total cross section into reaction and shape elastic scattering cross 
section is determined by the optical model. Limited experimental data on the total 
elastic scattering cross section and elastic angular distributions make quantifying the 
uncertainty of the calculated reaction cross section difficult. To further complicate the 
matter, the total elastic scattering cross section has a compound component which is 
non-negligible at the incident neutron energies considered here. Experimentally, elas- 
tically scattered neutrons from direct and compound processes are indistinguishable. 
Theoretically, the two processes are described by different models, each of which has 
its own set of parameters. We calculated the reaction cross section with the optical 
model parameters derived from the aforementioned BIGLAZY fit. In order to com- 
pare with the available experimental data, the total elastic scattering cross section, 
gn,el ,  and the nonelastic scattering cross section, gn,nonel, are calculated and shown in 
Figures 2 and 3, respectively. These cross sections are defined by 

The corresponding evaluations from ENDL-legacy, ENDF/B-VI[ 121, JENDL[ 131 and 
JEF[14] are also shown in Figures 2 and 3. The experimental data on the on,el 

cross section in Figure 2 are found from the EXFOR[15] data base. Again, energy 
resolutions of the experiments were such that inelastic scattering cross sections to  the 
low-lying states are included in these data[l6, 171. Two sets of ECIS-IDA calculations 
are presented in both figures. One corresponds to  fission cross section calculations 
using parameters adjusted by the automatic fitting program STEW[l8]. The other 
is the same calculation based on Bjornholm and Lynn’s fission parameters. The 
difference between these two curves is due to the different compound elastic scattering 
cross sections which are influenced by the choice of fission parameters. One sees from 
Figure 2 that the guidance from experimental data on even the total elastic scattering 
cross section is limited. While most evaluations are reasonably similar, the two sets 
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of ECIS-IDA calculations agree better with the ENDF/B-VI and JENDL evaluation 
for incident neutron energy Einc > 1 MeV. Shown in the lower portion of Figure 2 are 
compound components of the elastic scattering cross section calculated by ECIS-IDA. 
Clearly seen is that although is small in comparison to CT,,,~, it is not negligible 
in this incident neutron energy range. 

Figure 3 shows some experimental data of the 239Pu(n,nonel) cross section ob- 
tained from the EXFOR and the ECSIL[l9] data bases. As in Figure 2, the ENDL- 
legacy, ENDF/B-VI, JENDL and JEF evaluations together with two sets of ECIS-IDA 
calculations are plotted. Because of the non-vanishing on,ce cross section, neither Cn,el, 

nor on,nonel gives a direct measure of the reaction cross section, o,,R. Until further 
experimental data on the on,,l cross section becomes available (perhaps for higher 
incident neutron energies), one is limited to using optical model parameters that best 
reproduce the total cross section for which there are abundant experimental data, 
while using the experimental data on the on,el and the cross sections as a 
crude guide for the theoretical calculation of the reaction cross section OR. For the 
rest of the report, optical model parameters obtained from the BIGLAZY fit are 
employed in our calculations. 

2.3 
As mentioned in Section 1, there are four components of the reaction cross section 
considered in this paper. The largest is the fission cross section. Figure 4 displays 
the IDA calculation of o,,~ and its four components. As the incident neutron energy 
increases, a decrease in the on,ce cross section and an increase in the on,+’ cross section 
is observed. This is easily understood as the number of inelastic channels that are 
open at higher incident neutron energies is large in comparison to the single elastic 
channel. Similarly, the increasing probability of particle emission causes the capture 
cross section to decrease steadily with Einc and it practically vanishes when Einc > 3 
MeV. 

Since fission is the major component of the reaction cross section, the accuracy 
of its calculation is important in determining the magnitudes of the other reaction 
channels. The existence of reliable experimental data on fission cross section makes 
it possible to adjust the parameters used in the fission model such that the calculated 
fission cross section agrees well with that evaluated from experiments. An automatic 
non-linear parameter search program, STEW, based on the Levenberg-Marquardt 
algorithm[20] was written to carry out the parameter adjustment. Figure 5 shows 
the significant improvement of the fission cross section calculated with parameters 
derived from STEW over that calculated with default parameters from Bjornholm 
and Lynn. Note that the determination of these fission parameters is dependent on 
the choice of the parameters in the optical model. STEW fitted the fission parameters 
to the lastest fission cross section evaluation labeled as ENDL99 in the figure. The 
uncertainty associated with this evaluation is less than 2%[11]. In the fitting process, 

Components of Reaction Cross Section 
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the two fission barrier heights and curvatures at the two saddle points, the nuclear 
temperature, and the multiplicative factor in the constant temperature level density 
formula used for the calculation of fission transmission coefficient, were adjusted. 
Also shown in Figure 5 are the evaluations of fission cross section from ENDF/B-VI, 
JENDL and JEF. It should be stressed that the agreement between the calculated 
and the evaluated fission cross sections does not eliminate the uncertainty associated 
with the the calculation of the reaction cross section. It simply excludes fission as a 
source of error in the calculated total inelastic scattering cross sections. 

The calculated capture cross section is shown in Figure 6 together with some 
experimental data found in the ECSIL data base as well as other major evaluations. 
The other two components of the reaction cross section are the compound elastic 
scattering cross section and the inelastic scattering cross section. Results of the 
compound elastic scattering cross section are shown in Figure 2 and the inelastic 
scattering cross section will be discussed in the next section. 

2.4 Inelastic Scattering Cross Section 
The main focus of this report is the inelastic scattering cross section, 239Pu(n,n’). 
Figure 7 shows the two calculations from IDA of the total 23gPu(n, n’) cross section as 
well as evaluations and the limited experimental data available. One IDA calculation 
is carried out with fission parameters obtained from STEW, the other with fission 
parameters from Bjornholm and Lynn. The large difference between the calculated 
fission cross sections from the two sets of fission parameters (c.f. Figure 5) is seen to  
greatly affect the magnitude of the total inelastic cross section, particularly between 1 
and 5 MeV. The apparently lower 239Pu(n, n’) cross section from threshold to  about 
Einc = 0.025 MeV from our calculations is largely due to the higher fission cross 
section from our calculations in this energy range (c.f. Figure 5). 

Inelastic scattering comes from both direct and compound processes in the range of 
incident neutron energy considered in this report. The direct inelastic scattering cross 
section component to the first four discrete excited states of 23gPu are calculated since 
those are the “coupled-channels” . The compound inelastic scattering to both discrete 
and continuous portions of the the excitation spectrum of 239Pu are considered. A 
breakdown of the total 239Pu(n, n’) cross section into various components is given in 
Figure 8 where 

- direct compound 
on+’ - + 

compound - compound-discrete compound-continuous 
on,nl + ‘Jn,n/ - on,n’ 

cross section is calculated for each of the first 19 excited states The on,nl 
of 239Pu given in Table 1. Uncertainties in either angular momentum or parity assign- 
ments for the discrete levels as well as missing levels from experiments occur at higher 

compound-discrete 
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excitation energies. Consequently, the continuous Gilbert-Cameron[21] level density 
formula is used beyond the nineteenth excited state. Figure 8 shows, as expected, 

cross section first increases with Ei,, as more discrete (n,n’) that the a, ,, 
channel channels open up. When Einc is high enough such that the a,,,, 

and at the same time, an increase in is open, one sees a decrease in a,,,, 
. The o:13ct cross section, on the other hand, is decoupled from the 

compound process and mostly follows the behavior of the total cross section which 
has a rise between 3 and 4 MeV (see Figure 1). The small (n,gx) cross section de- 
scribes the process where a photon is emitted first, followed by the emission of a 
particle which is a neutron in this energy range. The (n,gx) cross section is therefore 
considered as a component of the total inelastic scattering cross section. 

Figure 9 shows the compound-continuous component of the inelastic scattering 
cross section from our current calculation and several evaluations. One sees that 
the difference between various evaluations is large and our calculation comes slightly 
under all evaluations for E i n c  < 2 MeV. On the other hand, in the range of 2 < Einc  < 
5 MeV, our calculation is higher than all the evaluations except ENDL-legacy. The 
value of E i n c  at which the compound-continuous component of the inelastic scattering 
starts depends, of course, on the number of discrete levels included in the calculations. 
For example, ENDF/B-VI employs the first 31 discrete levels versus 19 that are used in 
our calculation. On the other hand, ENDL-legacy had only 6 discrete levels included 
in the evaluation. One therefore sees that the ENDL-legacy curve in Figure 9 starts 
at a lower Einc than our current calculation which in turn starts at a lower E i n c  than 
the ENDF/B-VI evaluation. The magnitude of the a~n~pound-continuous cross section 
at a given incident neutron energy, Einc,  is determined by several factors in addition 
to where the discrete states terminate. The first is the magnitude of the reaction 
cross section which depends on the optical model potential used. Secondly, the size 
of the direct inelastic scattering cross section, which is also derived from the details of 
the optical model calculation, determines the magnitude of the compound component 
of the reaction cross section. The compound reaction cross section subsequently is 
a sum of the compound elastic scattering cross section, the capture cross section, 
the fission cross section and the compound inelastic cross section. Although the 
transmission coefficients for neutron emission are obtained from the optical model, 
the governing factor in the calculation of particle emission cross sections is probably 
the level density employed for the continuous energy spectrum. Calculations of the 
y-emission transmission coefficient and the fission transmission coefficient depend on 
the models used to describe these processes and the choices of parameters embedded 
in the models. Level density also plays an important role in the calculation of the 
capture cross section although this cross section is small in comparison to others. 
The difference in the magnitude of the on,, cross section between our 
calculation and various evaluations seen in Figure 9 is a result of the convoluted 
interplay of all the above factors. 

Figure 10 displays our calculated direct and compound inelastic scattering cross 

compound-discrete 

compound-continuous 

compound-discrete 

compound-continuous 
on,,! 

compound-continuous 
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sections to the first four excited states of 239Pu. The four curves on the left-hand- 
side of the figure are the compound inelastic scattering cross sections and the four 
curves on the right-hand-side give the direct inelastic scattering cross sections. A 
few features are immediately apparent. First, all the excitation functions for the 
direct process peak at the same incident neutron energy that pretty much coincides 
with the local maximum of the total cross section, as expected. On the other hand, 
the peaks of the excitation functions for the compound process shift to the right 
as the excitation energy of the discrete state increases. This is because the higher 
the excitation energy of the discrete state, the higher the incident neutron energy 
required to maximize the probability of leaving the residual nucleus, after emission 
of a neutron, in that discrete state. Eventually, all these excitation functions tail off 
because of the opening up of the compound-continuous component of the inelastic 
scattering cross section. Another noticeable characteristic is" that for the first four 
discrete states, the peak value of the excitation functions for the compound process 
decreases when the excitation energy of the excited state increases whereas this is 

cross section to  a specific not the case with the direct process. The on+! 
discrete state depends on the behavior of the transmission coefficients as a function 
of energy and angular momentum of both the compound and residual nuclei. What 
we are seeing in Figure 10 is the outcome of all these competing contributions to  the 

Figures 11 to 16 give the excitation functions of the inelastic scattering cross 
section to the first six excited states of 239Pu. Both direct and compound components 
of the inelastic scattering are present in the first four excitation functions whereas 
only the compound component appears in the others. ENDL-legacy, ENDF/B-VI, 
JENDL, and JEF evaluations are also shown for comparison. Excitation functions 
of some discrete states are missing in the ENDL-legacy evaluation since it was based 
on experimental data available at the time. Although the general trend between 
various evaluations agree with each other, variations in magnitude are large. The 
local maximum of the direct inelastic scattering cross section around Einc = 3 MeV 
is seen to  influence the shapes of the first four excitation functions (figures 11 to 14). 
This effect is most pronounced in the E, = 57 keV (figure 12) excitation function 
followed by the E, = 7.9 keV excitation function (figure ll), consistent with the 
results shown in Figure 10. In Figure 15, there are large differences between ENDF/B- 
VI, JENDL, JEF and our calculations. The reason for the difference is not clear but 
may depend on how many coupled-channels were used in these evaluations. We also 
do not know the input parameters used in the calculations for these evaluations. 
The excitation function of the next discrete state, shown in Figure 16, does show 
convergent behavior amongst various evaluations and our calculation. Notice the 
peak value of the E, = 285 keV excitation function is much higher than that of the 
E, = 193 keV excitation function. This is because the spin of the E, = 193 keV state 
is much higher than that of the E, = 285 keV state. The limited angular momentum 
the incident neutron brings, in the energy range of interest, makes the population of 

compound-discrete 

cross section. compound-discrete 
on,nl 
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the E, = 193 keV state difficult. 

3 Conclusion 
In order to examine the inelastic scattering cross section for 239Pu in the energy 
range less than 5 MeV, various relevant cross sections are calculated. While the total 
cross section agrees well with the experimental data, the uncertainty of the reaction 
cross section is difficult to quantify, and is probably within the range of 5% to 10%. 
With fission cross section determined by experimental data, error in the reaction 
cross section is propagated to the compound elastic scattering, capture, and inelastic 
scattering cross sections. Below 1 MeV, the magnitude of the inelastic scattering cross 
section is strongly influenced by the magnitude of the compound elastic scattering 
and capture cross sections. For Ei,, > 1 MeV, both the compound elastic scattering 
and capture cross sections become very small so that the uncertainty in the reaction 
cross section is almost entirely propagated to the inelastic scattering cross section. 
Assuming the fission cross section in the evaluations is adjusted to  experimental 
data, the differences in Figure 7 between various evaluations and our calculation 
are therefore probably a result of the different parameters used in the optical model 
potential. The precise breakdown of the inelastic scattering cross section into various 
components mostly depends on the details of the models used in calculating the 
direct and compound components of the inelastic scattering cross section. The general 
characteristics and the relative magnitudes of the different components of the inelastic 
scattering cross section according to  our calculation are given in Figure 8. Further 
breakdown of the an,nt cross section into an,+) and a,,,, 
cross sections, together with various evaluations, are given in Figures 9 to 16. In 
general, the differences between various evaluations and our calculation are larger for 
the individual components of the 23gPu(n, n‘) cross section than they are for the total 
239Pu(n,n’) cross section. This is most likely a reflection of the differences in the 
detailed input parameters used in each evaluation to calculate the components of the 
239Pu(n,n‘) cross section. From Figures 7 to 16, it is clearly seen that our current 
calculation used in ENDL99 is a significant improvement over the previous ENDL- 
legacy evaluation. This reflects the advances in nuclear reaction theories used to 
model the cross sections as well as new and improved experimental data, for example, 
on nuclear structure. 

compound compound-discrete compound-continuous 
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level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

E, (MeV) 
0.008 
0.057 
0.076 
0.164 
0.193 
0.285 
0.318 
0.330 
0.358 
0.387 
0.392 
0.434 
0.462 
0.470 
0.487 
0.492 
0.506 
0.512 
0.519 

J 
312 
512 
712 

512 

712 

912 
712 
912 

312 
512 
712 

9/2 
1112 

1312 

1512 

1112 
112 
11 /2 

1712 

parity 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
- 
+ 
- 
- 
- 
- 
+ 
+ 

Table 1: The excitation energy, spin, and parity of the first 19 discrete levels of the 
239Pu nucleus. 
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Figure 1: n+239Pu total cross section as a function of incident neutron energy. 
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Figure 2: Total elastic scattering cross section on 239Pu as a function of incident 
neutron energy f r o m  two sets of ECIS-IDA calculations, several evaluations, and two 
sets of data. The two curves at the bottom of the plot are compound elastic scattering 
cross sections f r o m  the two sets of ECIS-IDA calculations. 
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Figure 3: Nonelastic scattering cross section o n  239Pu as a function of incident neu- 
tron energy f rom two sets of ECIS-IDA calculations, several evaluations, and five sets 
of data. 
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Figure 4: n+239Pu reaction cross section and its four components as a function of 
incident neutron energy. 
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Figure 5: 239Pu(n,f) cross section as a function of incident neutron energy. 
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Figure 6:  23gPu(n, y) cross section as a function of incident neutron energy. 
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Figure 7: 239Pu(n, n') cross section as a function of incident neutron energy. 
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Figure 8: A breakdown of the total 239Pu(n, n') cross section as a function of incident 
neutron energy. 
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Figure 9: The compound-continuous component of the 239Pu(n, n') cross section as a 
function of incident neutron energy. 
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Figure 10: The direct inelastic and compound inelastic scattering cross sections to the 
first four  excited states of 23gPu as a function of incident neutron energy. 
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Figure 11: The inelastic (direct + compound) scattering cross sections to the first 
excited state of 239Pu as a function of incident neutron energy. 
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Figure 12: T h e  inelastic (direct + compound) scattering cross sections to  the second 
excited state of 239Pu as a function of incident neutron energy. 
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Figure 13: The inelastic (direct + compound) scattering cross sections to the third 
excited state of 239Pu as a function of incident neutron energy. 
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Figure 14: The inelastic (direct + compound) scattering cross sections to the fourth 
excited state of 239Pu as a function of incident neutron energy. 
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Figure 15: The inelastic (compound only) scattering cross sections to  the fij?h excited 
state of 239Pu as a function of incident neutron energy. 
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Figure 16: The inelastic (compound only) scattering cross sections to the sixth excited 
state of 239Pu as a function of incident neutron energy. 
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